This paper presents the design and fabrication of a multi-axis microelectromechanical system (MEMS) force sensor with integrated carbon nanotube (CNT)-based piezoresistive sensors. Through the use of proper CNT selection and sensor fabrication techniques, the performance of the CNT-based MEMS force sensor was increased by approximately two orders of magnitude as compared to current CNT-based sensor systems. The range and resolution of the force sensor were determined as 84 µN and 5.6 nN, respectively. The accuracy of the force sensor was measured to be better than 1% over the device's full range.
Introduction
Nanonewton level, multi-axis force sensing is required for many biology, materials science and nanomanufacturing applications. For example, multi-axis, precision force sensing is needed to measure adhesion forces (nNs to µN) between cells and various types of surfaces. These measurements enable one to know (i) how well cells bond to different types of biomedical implant materials and (ii) the effects that drug coatings have on the prevention/promotion of adhesion. This type of measurement is necessary in applications where the mechanical properties of the cell-implant interface are critical [1] . For example, measurements of cell adhesion strength will allow researchers to determine the suitability of different types of materials for the development of biomedical implants. These measurements will allow researchers to determine what materials to use both for areas where cell growth is desired and for areas where there should be no cell growth.
Unfortunately, the requirements of these applications are difficult to achieve given the size, sensitivity and fabrication limitations associated with existing small-scale sensing techniques. Carbon nanotube-based strain sensors have the potential to overcome some of the limitations in small-scale force/displacement sensing technologies due to their small size and high strain sensitivity [2] . In this paper, we will show how carbon nanotube (CNT) based piezoresistive sensors may be used to improve the resolution of multi-axis MEMS sensor systems.
Background
MEMS force sensors tend to rely on one of three sensing methods: capacitive sensing, optical laser detection, and piezoresistive sensing. Several multi-axis force sensors have been developed using capacitive sensors [3, 4] . These sensors are difficult to fabricate and require relatively large sensor areas (mm 2 ) for each axis in order to achieve high force resolution. This makes capacitive sensing impractical for small, inexpensive, multi-axis force sensors. Optical sensors are widely used in atomic force microscopy (AFM) to make high resolution force measurements in one axis. Optical sensors are rarely used in micro-scale, multi-axis sensing due to the difficulty and cost of integrating multiple sets of optics into a small region. Also, optical sensors require relatively large lasers (10 cm 2 [5] to 100 cm 2 [6] footprint) which make it impossible to miniaturize the force sensing system to the micro-scale. Piezoresistive sensors offer the most promise at the micro-scale due to their small size and relative ease of integration into MEMS devices. Piezoresistive transducers are commonly found in MEMS devices such as pressure sensors, accelerometers, and AFM cantilevers [7] . Several dual-axis MEMS cantilevers with nN-level resolution have previously been demonstrated [8, 9] .
Most MEMS piezoresistive sensors use either doped single-crystal silicon or poly-crystalline silicon as the piezoresistive element. Single-crystal silicon is attractive for piezoresistive sensors due to its high gauge factor (up to 200 [10] ). However, the sensitivity of single-crystal silicon sensors is highly dependent on crystallographic orientation [11] . Therefore, single-crystal silicon cannot be used effectively in multi-axis MEMS sensors, such as the force sensor presented in this paper, where the sensors are in different crystal planes. Polysilicon piezoresistive sensors do not have a directional sensitivity but they have significantly lower gauge factors (up to 30 [10] ) than single-crystal silicon sensors. CNT-based piezoresistive sensors fabricated as presented in this paper have gauge factors of 75 ± 5 (standard deviation) [12] which is significantly greater that the typical gauge factors for polysilicon. CNT-based piezoresistors also do not suffer from the directional dependence associated with single-crystal silicon sensors. Therefore, CNT-based piezoresistors are capable of outperforming silicon sensors in multi-axis MEMS sensors [13] and were selected as the sensing element for the device presented in this paper.
Several prototype devices have been fabricated using CNTs as strain sensors. The most common devices use films of randomly oriented films of CNTs as the sensing element. These films are popular due to their ease of fabrication and large size. These properties allow CNT-based film sensors to be integrated into many macroscale sensor systems [14] [15] [16] [17] . Overall, these CNT-based piezoresistive films tend to show good linearity (within a few per cent) but generally have low gauge factors (5-10) due to the random orientation of the CNTs in the films and the poor transmittance of the strain in the substrate to the CNTs in the films [15, 18] .
There have also been several devices fabricated using individual or a small number of CNTs as the sensing elements. For example, single CNT piezoresistive sensors have been used to measure the force applied to meso-scale beams [12, [19] [20] [21] [22] and the strain applied to flexible substrates [23, 24] . In these devices strain is applied to the CNTs through the bending or stretching of the substrate. In addition, MEMS devices such as pressure sensors have also been fabricated using CNT piezoresistors as the sensing element [25] . These CNT-based pressure sensors are capable of pressure resolutions of about 1 psi. Force and displacement sensors have also been fabricated by suspending individual CNTs between electrodes and attaching a beam to the center of the CNT [26] . When the beam is deflected, the CNT is stretched, causing the resistance to change. Such devices are capable of sub-nanonewton force resolution. Unfortunately, such single CNT sensors tend to suffer high flicker noise due to their low carrier concentration. This means that these single CNT devices tend to be limited to dynamic ranges of less than 40 dB [27] . This is important in flexure based systems since range can be traded for resolution by changing the flexure geometry but the ratio of range to resolution known as the dynamic range is a fixed quantity. Therefore, in order to maximize the performance of flexure based sensor systems it is necessary to maximize the dynamic range.
In order to decrease the flicker noise and overcome this dynamic range limitation, the multi-axis force sensor presented in this paper is designed with multiple CNTs arranged in a parallel resistor network. This parallel network resistor configuration reduces the total noise in the sensor by increasing the charge carrier concentration while allowing a high sensor gauge factor to be maintained by limiting the number of tube-tube junctions in the electrical path.
Force sensor design
The multi-axis force sensor presented in this paper is designed to fit on top of a Hexflex nanopositioner as seen in figure 1 [28] .
In this setup, the HexFlex nanopositioner is used to precisely move the multi-axis force sensor. The precise, six degree-of-freedom motion of the HexFlex is necessary to properly position the force sensor into place and align the center stage of the force sensor with the surface of the cells. The HexFlex can then be used to lower the force sensor stage into contact with the cells and to make sure uniform pressure is applied over the entire cell array. After the cells bond to the center stage of the force sensor, the HexFlex can be used to slowly retract the force sensor from the surface to which the cells are adhered. Using feedback from the force sensor, the HexFlex can be used to compensate for any torques that might be applied to the cells during this retraction phase and to ensure that only the direct force normal to the cell surface is being measured. Overall, this setup and procedure makes it possible to accurately and precisely quantify the adhesion forces between cells and different types of surfaces.
Functional requirements
Accurate measurement of cell adhesion forces between surfaces requires multi-axis sensing to make sure that the surfaces are suitably positioned and oriented, thereby ensuring that load is applied evenly over the surfaces during testing. Cellular adhesion forces are typically on the scale of nN's [29] . When thousands of cells are arrayed on the surface being tested, the adhesion force is on the order of 100s of µN. Therefore, to be useful, the force sensor must have 100s of µN range and nN-level resolution. The natural frequency of the force sensor was set to 1 kHz in order to ensure that it was capable of operating at least 1 order of magnitude faster than the HexFlex, which has a natural frequency of ∼100 Hz. This ensures that the force sensor can be used in feedback mode with the HexFlex, even when the HexFlex is operating at its maximum speed. The force sensor must also be capable of measuring forces perpendicular to the plane of contact (Z) and torques about axes that are parallel to the planes of contact, (θ x , θ y ). This is to ensure that the force sensor is applying an uniform force over the entire cell array. In addition, the force sensor must fit on the central stage of the Hexflex and must have a low cost (<$100) so that it can be replaced after each test. These functional requirements are summarized in table 1.
CNT-based force sensor design
A comprehensive system level noise model was used to design the CNT-based force sensor [30] . The force sensor is comprised of three coplanar flexures with integrated CNT-based piezoresistive sensors at the base of the flexures. The piezoresistive sensors consist of 100s of CNTs are stretched between electrodes spaced 1 µm apart. This design allows each of the CNTs to be strained and minimizes the CNT-CNT interactions which can reduce the sensitivity of CNT-based piezoresistive films. In addition, this design helps to reduce the flicker noise in the sensor by increasing the carrier concentration of the sensor. Therefore, through the use of this type of design architecture it is possible to increase the resolution of CNT-based MEMS sensors by almost two orders of magnitude over current designs [27] . The CNT-based piezoresistors are arranged into a quarter Wheatstone bridge. A full Wheatstone bridge was not used due to fabrication and thermal heating constraints. The CNT-based piezoresistors are connected to aluminum contact pads on the outer base of the force sensor via aluminum traces. The sensors are placed at the base of the structure to maximize the strain imposed upon the resistors. A schematic of the CNT-based piezoresistive force sensor is given in figure 2 .
The final flexure dimensions of the force sensor are a beam length of 2.5 mm, a beam width of 35 µm and a beam thickness of 10 µm. Based on this design it was estimated that the CNT-based piezoresistive force sensor should have a force range of approximately 100 µN and a resolution of approximately 7 nN. This works out to a dynamic range of 83 dB based on previous modeling of the sensor system [13] . In addition, the estimated natural frequency was approximately 1000 Hz. These design properties are presented in table 2.
Force sensor fabrication
The CNT-based MEMS force sensors were fabricated using a combination of conventional microfabrication and self-assembly techniques [31] . The MEMS force sensors were fabricated using conventional microfabrication techniques, as described in figure 3 . The process starts with a 150 mm silicon-on-insulator (SOI) wafer with a 10 µm device layer, a 500 µm handle layer, and a 1 µm oxide layer. First, an RCA clean is used to remove any contaminants from the wafer surface. The wafer is then placed in the oxide furnace and 300 nm of thermal oxide is grown on the wafer. The thermal oxide acts as an electrical insulting layer between the piezoresistive sensors and the device structure. Next, the wafer is placed in the low-pressure chemical vapor deposition (LPCVD) furnace and 500 nm of polysilicon is grown on the wafer. This polysilicon is used as the piezoresistive material for half of the force sensors on the wafer. The rest of the force sensors are left blank so that CNT-based piezoresistors can be deposited after the microfabrication process is complete. After the polysilicon is deposited it is placed in an annealing furnace to improve the resistivity of the polysilicon and to ensure that the dopants are evenly distributed throughout the film.
After these high temperature processing steps are completed, a protective photoresist coating is applied to the front side of the wafer and the back side polysilicon is removed. Next photolithography is used to define the pattern of the polysilicon on the wafer and reactive ion etching is used to remove the polysilicon from the unwanted areas. After the polysilicon piezoresistors are defined, the wafer is cleaned using an asher to remove the photoresist and a piranha clean to remove any other contaminates, before 500 nm of aluminum is sputtered onto the wafer. Again, photolithography is used to define the wire traces and bond pads while etching is used to remove the excess aluminum from the wafer.
Next, a protective photoresist is applied to the front side of the wafer so that it is not damaged while a buffered oxide etch (BOE) is used to remove the thermal oxide from the back side of the wafer. After this step, photolithography is used to define the flexure structure on the front side of the wafer. A BOE is used to remove the oxide from the front side of the wafer and deep reactive ion etching (DRIE) is used to create the flexures in the handle layer. The asher is used to remove excess photoresist from the front side of the wafer.
Finally, the front side of the wafer is then mounted to a quartz handle wafer and photolithography is used to pattern the back side of the wafer. The handle wafer acts as both a protective layer for the front side as well as a mechanical structure that holds the wafer together after the DRIE step. DRIE is used to etch the back side of the wafer and to release the flexures from the handle layer of the SOI wafer. DRIE is also used to etch through the entire wafer in order to separate the wafer into devices. After the DRIE step, a vapor hydrofluoric acid (HF) step is used to remove the excess oxide from the insulating layer of the SOI wafer and the wafer is placed into an acetone bath to separate the chips from the quartz wafer. In finally, a laser ablation system is used to separate any chips that may still be attached to each other. After the microfabrication is complete, CNT-based piezoresistors are deposited onto the blank CNT force sensors using dielectrophoresis. A droplet of a 3 g l −1 CNT solution is placed on the gap between the electrodes on the force sensor structure. A 5 V peak-to-peak ac voltage with a frequency of 5 MHz is used to align the CNTs between the two electrodes. This deposition process is continued for 15 min in order to ensure that the maximum number of CNTs are deposited on the force sensor structure. After the sensors are deposited by dielectrophoresis, they are coated in an aluminum oxide protective layer and annealed at 525 • C for 30 min in order to minimize the amount of noise in the sensor. The final result of this fabrication process is shown in figure 4.
Device stiffness
The stiffness of the force sensor was measured using the Hysitron TriboIndenter. In order to do this, the force sensor was mounted in a test plate and the nanoindenter was used to deflect the center stage of the force sensor. An array of points on the center stage was indented on the center stage in order to find the center of stiffness. By measuring the load-displacement curve at each of the indentation locations it is possible to determine the vertical and torsional stiffnesses of the force sensor. Using this method it is possible to get an accurate measurement of the force sensor stiffness. The measured stiffness versus the distance from the centroid of the force sensor is shown in figure 5 . From these measurements 
Calibration
In order to calibrate the force sensor, a specialized calibration setup was built to relate the force applied to the central stage of the force sensor to the output of each of the piezoresistive sensors as shown in figure 6 . This specialized setup was required since the electronics and electrical probes necessary to measure the output of the piezoresistive sensors could not be fit into the limited space inside the chamber of the nanoindenter. In this setup, the force sensor is calibrated by using a micrometer to actuate the center stage of the force sensor. The micrometer has a digital readout with a resolution of 1 µm. Spring pins are used to connect the bond pads on the force sensor to wires that run to the Wheatstone bridge circuit. These spring pins provide a preload to the force sensor to hold it in place during testing and ensure that all of the bond pads are in contact during testing. A 1 mm diameter stainless steel ball is connected to the tip of the micrometer head in order to ensure a small contact area and to prevent torques from being transmitted to the center stage from the rotation of the micrometer head.
In order to calibrate the force sensor, the readout from each of the sensors was amplified though the Wheatstone bridge circuit and read into Labview. An initial measurement for all three sensors was taken, then the micrometer was actuated by 1 µm and a new set of measurements was recorded. This process was continued for 35 µm or until the force sensor reached about 1/3 of its predicted maximum displacement. The output of each sensor was recorded for each 1 µm displacement. Using the measured stiffness of the force sensor, these displacement measurements were converted into force measurements. These measurements were then used to create calibration curves for each piezoresistor in the force sensor and determine the force sensitivity of each of the piezoresistors. The experimental error in these force measurements was about ±1.4 µN due to the uncertainty in the magnitude and position of the measured displacements as well as the uncertainty in the measured stiffness of the force sensor.
Force and torque calculations
When a force or a torque is applied to the central strange of the force sensor, the beams connecting the central stage to the base of the MEMS device deflect and strain the piezoresistors. This strain in the piezoresistors changes the resistance of the piezoresistors and creates a voltage output reading from the Wheatstone bridge circuit. These output voltages can be used to calculate the forces and torques on each of the individual piezoresistive sensors using the calibration constants determined for each sensor. Therefore, the forces and the torques on the central stage of the force sensor can be calculated from a linear combination of the output voltages from each of the sensors. Similarly, the displacement of the central stage can be calculated by multiplying the calculated forces on the stage by the compliance of the stage. The forces and torques on the central stage of the force sensor are given by equations (1)- (3) where F z is the out of plane force, T θ x is the torque about the x-axis, T θ y is the torque about the y-axis, V is the voltage output, S is the force sensitivity in Volts per Newton, L is the distance between the force location and the sensor location, and θ is angle between the force location and the sensor location with respect to the y-axis. For the force sensor presented in this paper with a force applied at the center of the stage, θ 1 is 0 • , θ 2 is 120 • and θ 3 is 240 • .
Results
Overall, the measured force sensitivity varies by about 25% between the sensors. Sensor 1 has a sensitivity of 0.79 mV µN −1 , while sensors 2 and 3 have sensitivities of 0.64 mV µN −1 and 0.59 mV µN −1 respectively. Each of these calibration curves explains over 95% of the variance in voltage with the increase in force applied to the structure. Therefore, the uncertainty in the force calibration is low and the measured uncertainty of the slope of the calibration line or accuracy for the force sensor of better than 1% over the device's full range. The calibration results for each sensor are presented in figure 7 .
In addition to the linear calibration curves, each sensor appears to have a sinusoidal component. This component is likely due to thermal variations over the testing period. The thermal coefficient of resistance (TCR) of the CNT-based piezoresistive sensors was measured to be approximately 0.27% K −1 which is consistent with previously measured TCRs for CNT-based thin films [32] [33] [34] . The overall measured sensor drift is consistent with this TCR measurement given the ±1 • C variance in room temperature over the measurement period. The total test took about 20 min, which is approximately equal to the thermal period of the room. Therefore, we would expect to see about 1 full thermal period in each sensor due to thermal variations of the room. These thermal variations account for the majority of the drift in the sensor.
The differences in force sensitivities between the three sensors could be due to either the differences in the gauge factors of the sensors or to asymmetric loading of the structure by the micrometer. Previous results with the test structures have shown that the gauge factor of CNT-based piezoresistive sensors can vary by up to 12% (95% confidence interval) due to variations in the composition of the CNTs in the sensor [12] . This explains about half of the variation between the sensors.
The measured gauge factors for each of the CNT-based piezoresistive sensors in the MEMS force sensor range from 62 to 83 with an average value of about 71. Previous results for CNT-based strain sensors fabricated using the method described in the paper had an average value of 75 with a standard deviation of 5 [12] . Therefore, the gauge factor results for the CNT-based piezoresistors in the force sensor are consistent with previous results and all fall within the 99% confidence interval of the previously measured sensors. The increased variance in the CNT-based piezoresistive sensors presented in this paper versus previous results could be due to the fact that the piezoresistive sensors on the MEMS force sensor are an order of magnitude smaller than the previously tested structures. Therefore, fewer CNTs contribute to overall gauge factor of the sensor causing the variance between the sensors to increase.
Asymmetric loading of the force sensor by the micrometer could also contribute to the difference in measured sensitivities by imposing torques onto the force sensor as well as z-axis displacement. These torques would cause some of the flexure beams to be strained more than others, which would result in the higher readouts from these sensors. For example, a positive torque around the x-axis would result in an increased strain on sensor 1 but a decreased strain on sensors 2 and 3. Such a torque could be created if the location of the actuation was moved in the positive y-direction from the center of stiffness of the force sensor. Such an offset could either be created by small fabrication errors that result in the center of stiffness not being at the same location as the geometric center or by the actuator not pushing directly on the geometric center of the force sensor. Either way, this type of torque about the x-axis could help explain the remaining discrepancy between the measured sensitivities of each of the sensors. Eventually, it should be possible to compensate for this type of asymmetric loading by incorporating feedback control between the HexFlex nanopositioner and the force sensor stage.
The total range of the system was measured by increasing the displacement of the micrometer head until a sharp change in the sensor readout was observed. This sharp change was caused by the fracture of one of the flexure beams, which caused the readout from the sensor on that flexure beam to return to its original value, since the strain on the CNT-based piezoresistors decreased to zero. Overall, the range of the sensor was measured to be about 60 µm. The stiffness of the force sensor measured from the nanoindentation tests was 1.4 N m −1 . Therefore the force range of the force sensor was measured to be 84 µN.
The resolution of each sensor was calculated by dividing the noise in each sensor by the sensitivity of each sensor. The measured resolution for sensor 1 was 9.5 nN and it was 11.8 nN and 6.7 nN for sensors 2 and 3, respectively. The results for each sensor along with the corresponding measured dynamic ranges for each sensor are presented in table 3.
The overall resolution of the force sensor is calculated by taking the weighted sum of squares of each of the three sensors in the force sensor structure [35] . Based on this calculation, the resolution of the force sensor is approximately 
Conclusions
The dynamic range of the force sensor presented in this paper compares favorably with other multi-axis MEMS sensors which are typically larger and operate at lower speeds than the device presented in this paper. For example, several two degree-of-freedom, x-y stages have been designed with capacitive sensors [36, 37] . These stages have similar dynamic ranges as the sensor presented in this paper but have sensor footprints that several orders of magnitude larger than the sensors presented in this paper. In addition, capacitive force sensors that have been fabricated with more than two degrees-of-freedom typically have dynamic ranges that are an order of magnitude lower than the force sensors presented in this paper [3] . Polysilicon-based multi-axis piezoresistive sensors typically have a dynamic range that is an order of magnitude lower than the force sensor presented in this paper [38] . This is due to the fact that polysilicon has a lower strain sensitivity than the CNT-based sensors presented in this paper. For example, a similar multi-axis force sensor with the CNT-based piezoresistive sensors replaced by polysilicon piezoresistors only has a dynamic range of 57 dB [38] .
From these results, it is clear that the dynamic range of multi-axis MEMS sensors can be significantly improved through the use of carbon nanotube-based piezoresistors. However, more work still needs to be done in order to maximize the dynamic range of these sensors. Further improvements in the performance of the CNT-based can be achieved using the design optimization procedures described in [13] and the manufacturing optimization procedures described in [39] . For example, the dynamic range of the force sensor can be improved by redesigning the force sensor system to increase the sensor area. Also, the force sensor could be improved by incorporating higher gauge factor CNTs into the sensor through the use of CNT sorting [40] . Overall, these changes could help to increase the dynamic range of the force sensor to over 110 dB. Therefore, the force sensor could achieve a resolution of about 100 pN while maintaining the same range as the current CNT-based force sensor.
